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Background: Malaria remains a public health concern in Hubei Province despite the significant decrease in malaria
incidence over the past decades. Furthermore, history reveals that malaria transmission is unstable and prone to
local outbreaks in Hubei Province. Thus, understanding spatial, temporal, and spatiotemporal distribution of malaria
is needed for the effective control and elimination of this disease in Hubei Province.
Methods: Annual malaria incidence at the county level was calculated using the malaria cases reported from 2004
to 2011 in Hubei Province. Geographical information system (GIS) and spatial scan statistic method were used to
identify spatial clusters of malaria cases at the county level. Pure retrospective temporal analysis scanning was
performed to detect the temporal clusters of malaria cases with high rates using the discrete Poisson model. The
space-time cluster was detected with high rates through the retrospective space-time analysis scanning using the
discrete Poisson model.
Results: The overall malaria incidence decreased to a low level from 2004 to 2011. The purely spatial cluster of
malaria cases from 2004 to 2011 showed that the disease was not randomly distributed in the study area. A total of
11 high-risk counties were determined through Local Moran’s I analysis from 2004 to 2011. The method of spatial
scan statistics identified different 11 significant spatial clusters between 2004 and 2011. The space-time clustering
analysis determined that the most likely cluster included 13 counties, and the time frame was from April 2004 to
November 2007.
Conclusions: The GIS application and scan statistical technique can provide means to detect spatial, temporal, and
spatiotemporal distribution of malaria, as well as to identify malaria high-risk areas. This study could be helpful in
prioritizing resource assignment in high-risk areas for future malaria control and elimination.
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Malaria remains one of the most severe infectious dis-
eases worldwide, it was estimated that about 3.4 billion
people were at risk of malaria in 2012. There were about
207 million malaria cases worldwide, 627 000 malaria
deaths are estimated to have occurred in 2012 [1]. Malaria
is one of the major parasitic diseases that is widely distrib-
uted in China [2], with both Plasmodium falciparum and* Correspondence: epistat@gmail.com; shaofanie@163.com
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unless otherwise stated.Plasmodium vivax historically prevalent [3]. Despite na-
tional control efforts against malaria and international
support in the past decades, 26,825 malaria cases were re-
ported from 2009 to 2011 in China [4-6].
Hubei Province is located in Central China and the
middle reaches of Yangtze River. Historically, malaria
transmission is unstable and prone to outbreak. The
main malaria vectors are Anopheles sinensis and Anoph-
eles anthropophagus. In Hubei Province, 18 counties are
within the A. sinensis and A. anthropophagus distribu-
tion areas, whereas 84 counties are within A. sinensis
areas [7]. Two peak epidemics occurred in 1954 and
1970, with annual incidences as high as 2,098/100,000
population and 6,024/100,000 population, respectivelys is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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were endemic in Hubei, with P. vivax as the dominant spe-
cies. Indigenous P. falciparum and P. malariae were suc-
cessfully eliminated in 1963 [9]. Through comprehensive
implementation of effective interventions, malaria incidence
started decreasing in 1980 and further decreased from 898/
100,000 population in 1981 to 3/100,000 population in
2001 [10]. However, malaria has resurged in 2002, occur-
ring at 9/100,000 population [11]. The incidence of malaria
has steadily decreased since 2004, but remains relatively
high in several counties [9,12].
A National Malaria Control Programme of 2006–2015
was formulated by the Ministry of Health in 2006 and, in
2010, the Chinese government launched the National Mal-
aria Elimination Programme (NMEP) [3,13]; the Hubei
Province aims to eliminate local malaria by 2015. A better
understanding of spatial, temporal, and spatiotemporal dis-
tribution of malaria would help in identifying the high-risk
areas and periods of malaria for the effective control and
elimination malaria in Hubei Province.
Spatial-temporal epidemiology of malaria has provided
us a useful method to understanding spatial and tem-
poral patterns of malaria epidemics, assessing changes in
malaria transmission and identifying malaria epidemics
areas and periods with a higher risk at different scaleFigure 1 Location of Hubei Province, China.[14-18]. A geographic information system (GIS) with
spatial statistics, spatial scan and spatial-temporal scan
has been widely applied to recognize the spatial and
temporal variation features of malaria [19-21].
In this study, the space, time, and space-time clusters
of malaria cases were investigated at the country level in
Hubei Province between 2004 and 2011. Two cluster de-




The study site is Hubei Province (108°21′ ~ 116°07′E,
29°05′ ~ 33°20′N), which is located in the middle and
lower reaches of Yangtze River. Subtropical monsoon cli-
mate and high rainfall occurrence comprise an ideal en-
vironment for malaria transmission. The maximum
distance from east to west is approximately 740 km, and
that from north to south is approximately 470 km. The
area has a population of 57,237,740 (sixth national cen-
sus in 2010) and encompasses 185,900 km2 (Figure 1).
Malaria data
Data on malaria cases at the county in Hubei Province
level between 2004 and 2011 were obtained from the
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vention. The information system requires that malaria
must be reported online. The malaria cases were identi-
fied on the basis of the national standard regimen. The
data, which include the province name, county name,
age, gender, and places where the infection was diag-
nosed and acquired, were also defined. The retrospective
analysis of local malaria cases in Hubei Province from
2004 to 2011 was then performed.GIS-mapping and global spatial autocorrelation analysis
The annual malaria incidence per 100,000 individuals at
each county was determined for the past eight years. The
malaria incidence at county level in Hubei Province was
plotted using GIS mapping technique by year. The annual
malaria incidence at the county level for each year was
determined to assess the malaria spatial distribution. The
global spatial autocorrelation was investigated using Global
Moran’s I statistics in ArcGIS software version 10.0 (ESRI
Inc., Redlands, CA). Moran’s I statistical analysis tests
the null hypothesis that measures the values at a loca-
tion independent of values at other locations. The
values vary from −1 to 1. Positive (negative) valuesFigure 2 Annual malaria incidence at county level in Hubei Provinceindicate the presence of positive (negative) spatial
autocorrelation, whereas a zero value indicates a ran-
dom spatial pattern [22].
Spatial cluster analysis
The spatial clustering of malaria was performed by
using two cluster detection methods to identify the
high-risk areas. The first method is Anselin’s Local
Moran’s I in ArcGIS software [23]. Anselin’s Local
Moran’s I [24] enabled the detection of the spatial auto-
correlation for a county with its adjacent county. The
weight element was assumed as 1 if two counties are
neighbors; otherwise, we assumed the value as 0 in the
weight matrix which defines the spatial autocorrelation
among counties. Spatial clusters of malaria are identi-
fied by detecting local areas where high incidence coun-
ties border other high incidence counties (high-high
pattern) and where high counties border low incidence
counties (high-low pattern).
The second method was Kulldorff ’s spatial scan statis-
tical analysis [25,26] implemented in SaTScan software
(version 8.0, Kulldorff and Information Management
Services, Inc.). SaTScan imposes circular windows of
varying sizes on the spatial data to detect high-riskfrom 2004 to 2011.
Table 1 Incidence (cases/100,000) of malaria and its
global spatial autocorrelation in Hubei Province, China
Year N Incidence rate I Z p-value
2004 67 4.40 0.17 4.75 0.00
2005 66 2.66 0.25 6.19 0.00
2006 63 3.06 0.19 5.21 0.00
2007 65 3.02 0.20 5.05 0.00
2008 55 1.87 0.21 5.46 0.00
2009 54 1.19 0.17 4.50 0.00
2010 52 0.68 0.17 4.24 0.00
2011 19 0.14 0.07 2.10 0.04
N: number of counties reporting malaria case.
I: the Global Moran’s I coefficient.
Z: the Global Moran’s I statistic value.
P: p-value for the Global Moran’s I statistic.
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spatial cluster size of the population at risk was set to
20%. The observed cases were compared with expected
cases inside and outside each window, and the risk ratios
were estimates on the basis of Poisson distribution. With
the use of circular scanning windows, the cluster statis-
tical significance was investigated with a log likelihood
ratio test using the number of Monte Carlo replication
sets, which was set to 999, under the null hypothesis of
random distribution. The method is used to identify not
only the most significant cluster, but also a number of
secondary potential clusters.
The frequency of spatial cluster occurrence was calcu-
lated for each county from 2004 to 2011. The frequen-
cies were calculated considering either (i) clusters
detected by one of the two cluster detection methods
above (weak evidence of clustering) or (ii) clustersTable 2 The cluster of malaria cases detected using the purel
Year Type N Coordinates/Radius Obser
2004 A 5 32.1727 N,112.2313E/53.23 km 1917
B 5 31.3004 N,113.6210E/45.28 km 288
2005 A 13 32.0882 N,112.7601E/119.54 km 1280
2006 A 10 32.0882 N,112.7601E/108.22 km 1476
2007 A 13 32.0882 N,112.7601E/119.54 km 1509
2008 A 10 31.8849 N,113.2816E/103.99 km 864
2009 A 13 32.0882 N,112,7601E/119.54 km 514
B 4 30.9408 N,114.0040E/32.82 km 61
2010 A 10 31.8849 N, 113.2816 E/103.99 km 259
B 1 30.7392 N,111.2928E/0.00 km 13
2011 A 11 32.0882 N,112.7601E/116.40 km 70
Type: A: the most likely cluster; B: secondary cluster.
N: the cluster number of county was identified by Kulldorff’s spatial scan.
RR: Relative risk; LLR: Log likelihood ratio.detected by both two cluster detection methods above
(strong evidence of clustering).
Temporal and space-time cluster analysis
Pure retrospective temporal analysis scanning was per-
formed by software to detect the temporal clusters of
malaria cases with high rates using the discrete Poisson
model. In this study, the time aggregation length was set
to one month, and the maximum temporal cluster size
was set to the default value of ≤ 50% within the study
period. For each window of varying position and size,
the software estimated the risk of malaria inside and
outside each window, and the null hypothesis of equal
risk. The space-time cluster was detected with high rates
through the retrospective space-time analysis scanning
using the discrete Poisson model. The space-time scan
statistic was defined by a cylindrical window with a cir-
cular (or elliptic) geographic base, the height of which
corresponds to time.
Results
Malaria incidence and global spatial autocorrelation of
malaria in Hubei Province
In Hubei Province, a total of 9,840 malaria cases have
been reported from 2004 to 2011. Figure 2 shows the
annual malaria incidence from 2004 to 2011. Table 1
shows that the number of counties with reported mal-
aria cases decreased from 67 in 2004 to 19 in 2011, and
the malaria incidence decreased from 4.40/100,000 indi-
viduals in 2004 to 0.14/100,000 individuals in 2011.
Malaria incidence per year steadily decreased despite
the slight resurgence in 2006. The global spatial auto-
correlation analysis for the annual malaria incidence in
Hubei Province showed that Moran’s I values werey spatial clustering
ved cases Expected cases RR LLR p-value
167.04 39.03 3785.83 0.00
150.53 2.02 53.25 0.00
254.78 27.13 1673.24 0.00
245.29 33.44 2185.75 0.00
290.03 35.40 2085.96 0.00
160.20 24.28 1153.57 0.00
115.20 15.12 564.95 0.00
27.37 2.35 16.13 0.00
58.88 11.12 262.21 0.00
2.75 4.86 10.08 0.00
11.94 39.90 104.62 0.00
Figure 3 Annual spatial clusters of malaria cases identified from 2004 to 2011. Each panel shows the results of both methods. One
method is the Anselin’s Local Moran’s I test; another is the Kulldorff’s spatial scan statistic.
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Table 3 Incidence (cases/100,000) of malaria of high-risk
counties for each year
Year N Min Q1 Median Q3 Max
2004 4 7.35 19.34 58.81 84.82 92.32
2005 6 6.90 8.24 20.50 31.23 37.55
2006 5 5.31 13.23 31.33 45.30 56.25
2007 5 5.06 16.60 31.81 37.49 41.96
2008 7 3.10 3.42 12.51 17.83 30.83
2009 8 1.61 2.44 6.05 10.81 17.69
2010 7 2.22 2.45 3.02 5.08 9.05
2011 3 0.44 0.44 0.79 2.99 2.99
N: the number of high-risk counties was identified by Local Moran’s I.
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cant overall spatial autocorrelation.Distribution of malaria spatial clustering
The analysis of the spatial cluster of malaria cases from
2004 to 2011 showed that malaria was not randomly
distributed in the study area (Table 2 and Figure 3).
Figure 3 shows the results of spatial cluster analysis.
These results were obtained through Local Moran’s I
and Kulldorff ’s spatial scan statistic. Ten high-high
counties were identified using Local Moran’s I analysis
from 2004 to 2011, and a high-low county was identi-
fied in 2010. The median annual malaria incidence of
high-risk counties was 58.81/100,000 individuals in 2004.
This value steadily decreased since 2008. In 2011, three
high-high counties were identified using Local Moran’s I
analysis, a median malaria incidence of 0.79/100,000 indi-
viduals was determined in 2011 (Table 3).
From 2004 to 2011, Kulldorff ’s spatial scan method
identified 11 different significant spatial clusters (eightFigure 4 Frequency of cluster occurrence from 2004 to 2011. A: Frequ
methods (Local Moran’s I test or spatial scan statistic). B: Frequencies of spamost likely clusters and three secondary likely clusters),
with an annual cluster number ranging from one to two.
The number of counties per most likely cluster ranged
from 5 to 13 from 2004 to 2011 (Table 2). In 2011, the
most likely cluster, including 11 counties, was identified
through Kulldorff ’s spatial scan.
12 counties were detected five or more times by one
of the two cluster detection methods (Guangshui,
Xiangzhou, Zaoyang, Yicheng, Zhongxiang, Zengdu,
Anlu, Fancheng, Jingshan, Laohekou, Xiangcheng and
Nanzhang), the median frequency was 6 (range = 1–8)
for clusters occurrence detected by one method (Figure 4A).
Clusters were found in 5 counties (Xiangzhou, Zaoyang.
Zengdu, Guangshui and Laohekou) five or more times by
both methods, the median frequency was 3 (range = 1–8)
for clusters detected by both methods (Figure 4B).Distribution of malaria temporal clustering
Table 4 shows the purely temporal clusters. The temporal
clusters of malaria cases in Hubei Province included four
months in 2004 to 2006 (June to September), five months
in 2007 to 2010 (May to September), and five months in
2011 (February to June).Distribution of malaria spatiotemporal clustering
Table 5 shows the cluster of malaria cases detected
through the space-time scan statistics from 2004 to 2011
in Hubei Province. The most likely cluster and a second-
ary cluster were identified (Table 5 and Figure 5). The
most likely cluster included 13 counties, and the time
frame was from April 2004 to November 2007. The sec-
ondary cluster included four counties from May to
September 2005.encies of spatial cluster occurrence detected by one of the two
tial cluster occurrence detected by both methods.
Table 4 The cluster of malaria cases detected using the purely temporal clustering
Year Cluster time frame Observed cases Expected cases RR LLR p-value
2004 2004/6/1-2004/9/30 2184 882.00 9.45 1361.30 0.00
2005 2005/6/1-2005/9/30 1060 505.72 4.66 422.45 0.00
2006 2006/6/1-2006/9/30 1190 583.59 4.26 437.84 0.00
2007 2007/5/1-2007/9/30 1258 720.57 3.78 344.75 0.00
2008 2008/5/1-2008/9/30 699 445.20 2.66 122.54 0.00
2009 2009/5/1-2009/9/30 436 285.46 2.47 67.31 0.00
2010 2010/5/1-2010/9/30 228 163.48 1.95 21.54 0.00
2011 2011/2/1-2011/6/30 55 32.88 3.15 12.45 0.00
RR: Relative risk; LLR: Log likelihood ratio.
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GIS and scan statistical method were used to examine
the changing patterns and clusters between 2004 and
2011 in Hubei Province. In this study, the results showed
significant global spatial autocorrelations of malaria inci-
dence from 2004 to 2011 (Table 1), indicating that the
malaria spatial distribution still followed a clustered pat-
tern. The overall malaria incidence has decreased to a
low level from 2004 to 2011.
The spatial cluster analysis indicated that the malaria
incidence significantly decreased, and the median annual
malaria incidence of high-risk counties decreased from
58.81/100,000 individuals in 2004 to 0.79/100,000 indi-
viduals in 2011. In 2011, three high-risk counties were
identified through Local Moran’s I analysis (Figure 3 and
Table 3), and the spatial extent of the malaria cases
remained scattered in 2011 (Figure 3 and Table 2), indi-
cating that a large population was still at risk.
In this study, the high-risk areas from 2004 to 2011
were mainly in the A. sinensis and A. anthropophagus
epidemic areas, and spatial clusters more frequently oc-
curred within 4 counties (Xiangzhou, Zaoyang. Zengdu,
Guangshui) in the A. sinensis and A. anthropophagus
distribution areas and within 1 county (Laohekou)
within the A. sinensis epidemic areas. The average vector
capacity of A. anthrophagus was 44.47 times higher than
that of A. sinensis [27,28], which frequently reduces the
local outbreak in A. sinensis and A. anthropophagus epi-
demic areas [7,10]. In addition, Laohekou is more fre-
quently detected spatial cluster area, the malaria
incidence of which was higher than that in other coun-
ties within A. sinensis epidemic areas. This observationTable 5 The cluster of malaria cases detected using the retros
Hubei Province
Type N Time frame Coordinates/Radius
A 13 2004/4/1-2007/11/30 32.0882 N, 112.7601 E/119.54 km
B 4 2005/5/1-2005/9/30 30.9408 N, 114.0040 E/32.82 km
Type: A: the most likely cluster; B: secondary cluster.
N: the cluster number of county was detected by retrospective space-time analysis.
RR: Relative risk; LLR: Log likelihood ratio.may be attributed to the fact that Laohekou is near the
A. sinensis and A. anthropophagus epidemic areas, and
the people in Laohekou have the habit of sleeping in
open areas without protection during summer. Several
studies on insecticide resistance have shown that A.
sinensis was highly resistant to both deltamethrin and
DDT in several parts of these areas [29,30]. The high-
risk areas have always been the focus of malaria control
and elimination in Hubei Province [7,9,10,12]. The cor-
responding effective control strategies, such as the
proper use of insecticides and environmental manage-
ment, are important for the malaria vector control and
should therefore be implemented.
The purely temporal cluster analysis showed the high-
risk months of malaria for each year from 2004 to 2011.
The temporal clusters per year from 2004 to 2010 were
consistent with the malaria epidemic season in Hubei
Province, and the favourable climax condition in high-
risk months is prone to malaria transmission [9,12].
However, the temporal cluster in 2011 was observed be-
fore the epidemic season, most likely because of the sig-
nificant decrease in malaria cases caused by the
effective malaria control measures implemented. A total
of 80 malaria cases were reported malaria in Hubei
Province in 2011 [12], offsetting the effects induced by
weather factors.
Space-time clustering identified two likely clusters of
malaria before December 2007. The cluster areas were
high malaria incidence counties, which were mainly
within A. sinensis and A. anthropophagus epidemic areas.
The malaria cases in A. sinensis and A. anthropophagus
epidemic areas accounted for more than 80% of the totalpective space-time analysis from 2004 to 2011 in
Observed cases Expected cases RR LLR p-value
6654 763.28 24.84 11072.63 0.00
67 20.42 3.30 33.13 0.00
Figure 5 Locations of the detected clusters of malaria cases by the space-time analysis during 2004–2011.
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malaria cluster has not been identified because of the mal-
aria programme of China Global Fund’s first and fifth
round and malaria programme of the National Strategy
Application implemented in Hubei from 2003 to 2011
[31,32]. The measures of these programmes were
mainly diagnostic, standard treatment, effective preven-
tion, health education and promotion of malaria for
high-risk population.
The NMEP aims to eliminate local malaria by 2015 in
Hubei Province. Thus, effective control measures are ne-
cessary to achieve this aim. This study showed that the
spatial extent of malaria cases remains scattered, and
high-risk areas still exist. Furthermore, imported malaria
cases pose constant challenges in eliminating malaria in
Hubei Province, and the percentage of foreign malaria
strains increases every year [33,34]. The malaria out-
breaks originating from foreign cases have been reported
in non-endemic malaria areas [35-37]. Hubei Province
was historically a high-endemic area, and the malaria
vector remains widely distributed throughout the prov-
ince [28]. This phenomenon suggests that significant at-
tention must be directed toward high-risk areas to
prevent the potential malaria resurgence similar to what
occurred in Central China [38,39]. Meanwhile, malaria
elimination strategies should focus on high-risk areas
considering the limited resources.
In this study, two cluster detection methods were
used to identify the different types of malaria clusters,as recommended and applied by other researchers
[40-42]. Local Moran’s I analysis based on spatial at-
tributes reflects the severity of malaria, and is biased
when population sizes at risk in each county varies
substantially [43]. Kulldorff ’s statistical analysis detects
malaria spatial distribution, focuses on the extent of
malaria, and is useful in detecting circular shapes;
however, it has limitations in detecting irregular circular
shapes [44]. The two cluster methods can jointly improve
our overall understanding of the complicated malaria
spatial pattern [40].Conclusions
This study analysed the spatial, temporal, and space-
time clusters of malaria cases at county level in Hubei
Province from 2004 and 2011. In summary, the malaria
incidence generally decreased to a low level from 2004
to 2011. The purely spatial and purely temporal clusters
were statistically significant for each year. The malaria
spatial extent remains scattered, and a large percentage
of the population is still at risk. High-risk areas still
exist. The study could be helpful in prioritizing the re-
source assignment for malaria cases in high-risk areas
for more effective disease control. Such assignment must
be targeted to eliminate malaria in Hubei Province.Competing interests
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